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ABSTRACT

We have measured [0 1)63 gm and [Si 1 1] 35 panin the central 44” (700 pc)
of the starburst galaxy MB82. The luminosities in these transitions are each
~ 0.1'% of the bolometric luminosity. We model the [O 1] in M82 as arising
from warm neutral gas photodissociated by FUV flux from OB stars, while
most of the [Si11] cinission arises from associated H 11 regions. The gas phase
Si/H abundance ratio is found to be ~1.5 x 10701 about 3 times greater than
that seen in galactic ncbulae, where silicon is mostly bound up in grains. The
enrichment 1s probably causal by the partial destruction of silicate grains by
fast supernovac-driven S110CIS.

The [() 1] 63 yan and the [Si11] 35 pun spectrumn both show an asyminetric
line profile indistinguishable in shape from those of the [O 111 52 and 88
jon and [N 11} 57 g lines measured previously in M 82. We detect two
distinct velocity components, which we attribute 10 emissiou {rom two regions
associated with the molecular gas concentrations located 190 pe (1 2“) on
cither side of the nucleus.

We separately model the two emission lobes and derive the cloud condi-
tions 1 these two regions. The derived propertics suggest that the clouds
i these lobes are small, 1 ~0.4- 1.0 pe, have warm, T~ 230 K, neutral gas
surfaces, and arc concentrated with volune filling factors of ~ O. 1 and arca
filling factors of ~ 7--20. Togetlier, the two lobes, cach of diameter ~125 pe
(~ 8"} arc characterized by a large number, ~ 3 X 10°, of ~ G00M¢, clouds
with surface gas densitios of ~ 104 cn ™3 qud with pressures of P/l ~ 3 x 106
cm” P 1{, illumimated by FUV {luxes ~ 10% times t he average local interstellar
value for the Milky Way. These highly pressurized clouds are held in pressure
equilibrinm by the swrrounding 11 1 | regions and the hot intercloud medium.
The clouds cannot long sustain the nuclear starburst. The intense FUV {luxes
have alrcady photodisso ciated about 1 0% of the molecular gas, and the colM-

Loined effects of {ragimentation, photoionization and photodissociation caused
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Ly e massive stars will soon destroy the natal molecular environment.

Subject heading: galaxies: abundances - galaxies: individual (M82) galaxies: ISM

- galaxies: nuclei galaxies: starburst - infrared: galaxies
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In the central regions, the gas responds to the presence of both an inner-JLRs"
and un;& ‘outer-1],]]1 by forming aring of material al radii between the two ILRs. A
In M 82, al radii within 160 pc (107), a ring of ionized ga.; \,(ha,s been ((C(ntly been *-
mapped with high spatial and spectral resolution in observations of Bry (Larkin et

al.1994) and [Nc 1] 12.8 g (Achtermann & lLacy 1995).

The high concentrations of molecular gas give rise toa nigh star formation
and supernova rates. Interferometric radio observations in the central region indi-
cate that a supernova occurs about every 10-20 years (Muxlow et al. 1994, Ulvestad
& Antonucci 1994, van Buren & Greenhouse 1994) and suggest an enormous star-
burst in which 106 carly type stars (M ~ 10 Mg) were formed inthe last 1- 2 x 10
years. These stars provide: the bulk of the continuum luminosity reradiated in the IR
by the dust. Assuning a. Miller-Scalo IMF (Miller & Scalo 1979), the current rate
of supernovae and the infrared luminosity cach imply a star formation rate of 1 Mg,
yr~ 1, which would deplete the observed molecular gas in 2 x 108 years (hence, a “star-
burst” ). The high supernova rate fuels a biconical wind of velocity ~ 300 kin S--1
cmerging normal to the torus (Heckman, Armus, & Miley 1990; Chevalier & Clegg
198 5). The UV and shock heating and ionmzation fi om these stars and supernovae
make theobscured central region Of M82 (Ay = 25 - 30;sce Puxley 1991, Mcleod et
al. 1993) a prine source for far-infrared (FI1R) fine st ucture cimission. Such emission

is copiously produced in ] 1ocks (Hollenbach & M eKee 1989), photodissociation re-

gions (PDRs) (Ticlens & 1 Tollenbach 1985a (1'11), Hollenbach, Takahashi, & Ticlens
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1990 (11 T'T)), and 1111 regions (Rubin et al. 1988). Observations at IR wavelengths

allow us to probe conditions within the opaque dusty cents

The mid- and far-infrared lines which have been measured in M82 to date arc
listed 1 Table 1, and Table 2 provides a summary of additional observations of the
neutral and molecular gas. The observations of the H 11 gas can be sunmmnarized as
follows. Beck et al. (1 978) mapped the central region in[Ne 11]13 jan, and found
the presence of non-circular motions in the ionized gas and an approximately solar
abundan ce for ncon. Since neon is not expected to be significantly incorporated into
grains, this gas phase measurement indicates nearly solar metallicities in the central
regions of M82 (I.cVan & Price 1987; Achtermann & Lacy 1995). By comparing the
[S 11]19, 33 yun lines and [O m] 52, 88 pm lines, Houck et al. (1984) and Dufly et
al. (1987) obtained a mean electron density for the central region of 116 ~ 200 cm™ 3,
and ruled out the presence of a significant higher density (1021 03 e 3) component.
The deduced thermal pressure inthe Hiregions is about /k 2 4 x 106 cm™ 3 K,
three orders of magnitude higher than the average local (Milky Way) interstellar
value, hut simlar to the pressures in Milky Way H 11 regions near OB stars. The
high resolution [O 1111 52, 88 pan and [N 1] 57 jan profiles of” Dufly et al. (1987) show
virtually identical line shapes witl 3 a prominent peak at ~130 ki s™ *) blue-shifted
by ~ 90 ki ST with respect to the systeniic velocity of M 82, 1 )ufly et al. suggested
that the profiles owe their characteristic shape to the two 10 jan hot spots (e.g., see

Telesco & Gezari 1992) located on either side of the nucleus. They deduced a total
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jonized gas mass of 4 x 10'Mg. The measured [O 111] 52 pan/Bro ratio indicated a
maximum stellar effective temperature of 35,000 K. The Bra huninosity indicates a
Lyman continuum luminosity of ~ 6x 10%photons s?! in the nucleus (cf. Carlstrom
and Krouberg 1991), more than twice that of the enfire Milky Way galaxy (Glsten
and Mezger 1983), Roughly 10°massive O stars are required to provide the necessary

excitation inthe central 400 pc of M 82.

Previous obsecrvations of the FIR, emission fron gas in the central region have
ledto some confusion about its distribution. Ina study of the [O 11 1] 52,88 i, [O 1]
63, 146 fill, and [C [1] 158 pn lines, Lugten et al. (1986) decomposed the line profiles
into two components: a broad feature spauning the cntire 350 kin s range of the
line, and the 130 ki s! feature. The narrow feature had first been observed in
[O1] 631,1,1 by Watson ct al. (1984), who suggested a possible shock origin. Lugten
ct al. found the[C 1 1] emission spatially extended along the major and minor axes,
and concluded that the blue-shifted feature originated from a location within 10" of
the nucleus. They suggested that the emission migh it be associated with the SNR
(41.9+W3). A rcmarkable result of the Lugten et al. study was that the[O 1] 63 jin
profile showed significant emission at negative (and therefore preculiar) velocities,
Scaquist, Bell, & Bignell (1985) speculated that the [JO 1] cnission at these peculiar
velocities may be due to shock-heated ncutral gas. However, inthis work, we find no
significant [OQ 1] emission af negative velocities and we propose a PDR or 111 region

origin for all of the 0Liserved cmission. Assuming a PDR origin for the [(]] and [C 1]
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ciission, Lugten et al. found the atomic density to be 2x 10° ent 1, hie pressure to
be P/k~ 2-6 X 108 @K the atomic gas volume filling, factors to be ~ 1073 in
the central kiloparsee, and the neutral gas residing insmall clouds less thana fow pc
n size.

In §2 we present new observations of the [O 1] 63.184 g line and the first
published detection of the [Si 11] 34.814 yin line frorn M82 (we note, however, that
P. Graf (1988) lists a dctection of [Sin]in M82 with a flux consistent with oursin
his thesis). We address the physical origin of the ernission in §3 and conclude that
PDRs are responsible for the [O ]] and [C 11] emission, while T 1 | regions are probably
responsible {for most of the [Si H] 35 pan emission. In §4 we examine the detailed
spatial origin of the cmission within the central region. 10 do this, we usc multi-
aperture spectra (§4. 1 ) and kinematic argument s ($4.2) to constrain the location
of the emission. Using the [O 1], [C11], CO, and FIR continuun measurements, we
determine in §5 the phys ical conditions of the warn interstellar gas and molecular

clouds in the cent ral 400 pe of M82. We sunnmarize our resulls in §6.

2. OBSERVATIONS ANI) MODEL INDEPENDENT RESULTS
2.1. Data Acquisition and Calibration

The observations were made in 1986, 1987, and 1990 using the Cryogenic Grat-
ing Spectrometer on the Kuiper Airborne Observatory. The [O1] spectra observed

- , . . . . . . -
with a 44”7 aperture required significant corrections for atmospheric absorption on
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the red-shifted side of the observed profiles (see Figure 1) where the absorption at
650 km s is nearly 100%. The [Si 11] line was observed with both 34” and 44” aper-
tures; the atmospheric absorption is less than 1% ac.10ss this waveband. The details
of the data reduction are given in Appendix A, and involve wavelength calibration,
flux calibration, and removal of systematic oflsets. Reduced [O 1] and [Si 11] spectra
are shown together in Figure 2 where the similarity of the two profiles is evident.
Inthese spectra, the overlapping data from diflerent echelle gratiug scttings produce
nonuniformly spaced points, cach with a spectral resolution of 106 kms™ 1 for [O 11

and 81 km s~ for [Si | 1]. The error bars shown arc 1o statistical values.
2.2. Modcl-Independent Results

The observed lincand continuum fluxes and intensities and the derived lu-
minosities are given in Table 3. From the linelum inositics, we can derive several
modecl-inde pendent results, No significant [() 1] 63 o emission can originate in H 11
regions since the neutral oxygen abundance in H 11 regions is extremely small (e.g.,
Rubin 1985). Regardless of whether the [O1] 63 juan emission originates in PDRs,
shocks, or X ray heated neutral gas, we are able to estimate the manimum total mass
of associated neutral gas My from the [O1] luminosity by asswming LTE; and by
assuming that all oxygen exists in the atomme state and that the gas temperatures

arc higher than the [O1] 63 jan excitation temperature (7" >> A /k - 228 K):

. I, 6> 1071
My > 3 x 10°[ Ol v

]\/I 2. 21
5.4 x 107 L, 20 | Mo, (2.1)
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whereag is the gas phase oxygen abundauce rel at ive to hydrogen.
Likewise, regardless of the origin of the [Si I 1] emission, . can estimate the
minimum total associated gas mass from the [Si 11] luininosity by assuming LT, and

by assuming that all the silicon in singly ionized formand 7 >>413 I{:

£ Lg; 3 x1 -5
My > 6 x 10°[—S0L__y2% 0
4.5 x 107 L TG

] MC‘)) (2.2)

where xg; is tile gas phase abundarice of silicon. 'We shall argue below that [Sill]
likely originates i 1nregions, so My derived {romn the silicon refers o the minimmun
1onized 11 11 gas mass.

With the minimal assuinptions of a solar C/0 abundance ratio, optically thin
emission, and spatial ly coincident [C11] and [O 1] regions, a temperature estimate
can be derived from the flux ratio [C1]] 168 jun/[01] 63 jan= 1.1. For neutral gas
densities in the range n~ 10%---10%cn** this ratio implies 7'~ 200- 500 K (sce
Figure 3 of TH). These gas temperatures aud densities are sim ilar to dense PDRs

associated with massive stars inthe Milky Way Galaxy (Hollenbach & Tielens 1995).

3. PHYSICAL ORIGIN OF THE [O1]63 pm, [C 1n]158 ym, AND
[Sin]35 m EMISSION IN M 82

The [O1] 63 joy, [C 1] 158 gan, and [Sin] 35 pan cinission may be produced

variously in the warm atomic gas behind dissociative shocks (sce Werner et al. 1984;

Haas ¢t al. 1986; Hollenbach & McKee 1989), in X-ray heated gas (Draine & Woods

1990), in 1111 regions (Rubin et al. 1985), or in PDRs (T1H; Sternberg & Dalgarno
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1989; 11'1"1"; Burtou, Hollenbach &'T'iclens 1990). In this section, we argue that iu the
central 400 pc of M82 the [O 1] and most of the [C nj emission originates in PDRs.
11 nregions may, however, be responsible for a major fraction of the [Sill] emission

and a minor component of the [C 11] emission.

3.1. Shock Waves from Stellar Winds Versus PD1RRs

Although wiuds from carly type stars or protostars likely generate numerous
shocks inthe central kpe of M 82, a simple energy argument, demonstrates that the
resultant fine structure luminosity from these shocks is insignifi cant compared to the
cmission from PDRs. Con sider an carly type star with luminosity L: the energy
radiated in its lifetime is 10°3 gty ergs, where L = 1,/10° 1ug and ty =-t/107 years
is the main sequence lifetime. Typically, for OB stars, Lgty ~1(Tutukov & Krugel
1981). TH show that in PDRs powered by OB stars, ¢~ 10 % - 107 2 of this radiated
bolometric cnergy IS converted to [Cn] 1568 yjan + [() 1] 63 yin line emission if the
stellar radiation is absorbed by dust. Thus, the cuergy Eppp radiated in these lines

over thelifetime of the star is
F’]’])]{, — 10506_ 3 ]15f,7 erys, (3])

where ¢ 3 = ¢/107% is the efficiency of converting starlight to line cooling in these

FIR {transitions. On the other hand, the total kinetic energy in ejected wind material

1 . ‘
Ty / > M) VAU, (3.2)
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where M is themass 10ss rate and vy is the wind velocity. Assuming that the star
loses approximately equal amounts of mass in the protostellar, main-sequence, and
post main-scquence (supergiant) phases, then the energetics are dominated by the
main-sequence phase because of the considerably Ligher wind speeds during this
phasc. Thus,

By = 1049M0j"?v8 ergs, (3.3)

where Mg is the mass cjected in solar masses during the main-sequence phase and vyg
is the wind velocity in units of 1000 km s™ ' Typically, for OB stars, Mej"\zvg ~ 1
(van Buren1985). Thus, even if all the wind mechanical energy were radiated in
the shocks via [C 1] 158 g, [O 1] 63 yan, and [Sin] 35 gm, the PDR emission still
dominates the shock cimission by a factor of order 10--100. 1u fact, only a fraction of
order ]0~2v‘;51; of the wind energy is radiated in these lines (sec Hollenbach & McKee
1989). g’bus, for a given early type star, the ratio of the PDR emission to the shock

cmission (in [C 1], [O 1], and [Si 11]) is of order

| DI _alist \
Bror g8 (f 3ls 7), (3.4)
“Ishock M(‘JVWS

averaged over the lifetime of the star, where the factor in parenthesis is of order unity.

Obscrvations of Orion A, where both shocks ( Werner et al. 1984) and P] )R
emission (Stacey et al. 1 993) hiave been observed, hear oul the dominance of the
PDR component. The observed PDR luminosity in [C 11] 158 pan-4[0 1] 63 yran- [Si 1]
35 (22 x 10%La, whercas the very powerful and short-lived shock emission is ~

00 Ly m these same Iines. The instantancous ratio Eppyr/Fanock 18 40, but the ratio
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averaged over the107 year lifetime of the PDR becones much larger (sce g, 3.4).

3.2. Shocks and X-Rays fromnSupecrnovae Versus PDRs

Although stellar winds are cnerget idly unfavorable, wc cainiot rule out super-
nova shock emission or emission from gas heated by X-rays fromn supernovace shocks
with an energy argument. The kinetic energy in t] e supernova of an O star is
Io= 1051 FEgjergs, where Egpis of order unity. The fract ion of th at energy radiated
by the fine structure lines in associated shocks is of order 0.1 v;'l,whcre vy is the
critical velocity, inunitsof 100 ki s--1, at which the supernova shock becomes ra-
diative (ollenbach & McKee 1989). Thus, over the lifetime of an early {ype star,
the ratio of fine structure cuergy emitted by PDRs to fine structure energy emitted

by shocks driven by the final supernova of the star is

Eppr  eslatyvy

hl Ty * (35)
](ISN I‘J{)]

This factor is sufliciently close to unity that supernova shocks cannot be ruled out
as the dominant origin of the fine structure ecmission. 111 fact, a somewhat more
direct argument reinforces this conclusion. The inferred current supernova rate in
the central kpe of M82 (0.05 per year; Ulvestad & Autonnuced 1994), implies a current
mechanical luminosity in supernova cjecta of 4x 108 Ly, a factor of about 4 greater
than the observed Tuminosity in [C 11} 158 - [O1] 63 yran--[Sin] 35 ygan. Thus, the
shock luminosity is negligible only if the fraction of the ciecta cnergy radiated by

these limes is appreciably less than ~0.25.
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Likewise, supernovac generally convert a big] 1 fraction of their 10°1 ergs of
kinetic energy into X-rays, and the resulting X-rays penetrate surrounding neutral
gas and heat {le gas with efliciencies of order 0. 1-1.0 (see Draine & Woods 1990).
Therefore, we cannot rule out shocks or X-rays from supernovac with simple energetic
arguments and we must turn to other disc riminants between these heating sources

and PDR heating. We discuss four such discriminants below.

Hollenbach & McKee (11989) give diagnostics which are helpful in distinguish-
ing between shocks, PDRs; and X-ray heated gas. The first involves theratio of [O 1]
63 yun/[C 11] 158 pun and tile absolute intensity of [O1] 63 jmn. Ratios 210 aloug
with absolute [() 1] inleusitics =101 erg dnd 51 1 are characteristic of shock
cmission, whereas PI)Ii{s with high absolute [O 1] intensitics produce ratios less than
10. These intensitics are constrained in this manner because shocks tend to produce
less columudensity Of warm atomic gas than PDRs 01 X ray heated gas. There-
fore shocks must have higher temperatures and densities than PDR's 01 X-ray heated
gas to produce equivalent [O 1] intensity. At high decusities and temperatures, [O1)
63 ym/[C 11568 jan >10. Tn M82a relatively low [O1]/[Cilratioof ~ 1 is observed
over the entire central (~ 700 pc) region, indicating a PDR or X-ray heated origin
for the [O 1] emission. Anidentical argument implies t he [Sin] emission also does not

origimate fromshocks.

A sccond diagnostic between PDRs, X-ray heated gas, and shocks is the ratio

([C 1) 158 pan- [01] 63 yran)/ total IR luminosity. As discussed by ‘I'll, Hollenbach
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(1990), and Wolfire, Ticlens, & Hollenbach (1 990, hercafter WTI ), this ratio is
theoretically predicted and observed to be of order 103 to 107 2 in PDRs illuminated
by OB stars. However,in shocks this ratio is unconstrained and depends on such
variables as the shock velocity and preshock density. Likewise, in X-ray heated gas,
Maloney ct al. (1995) find a large range for this ratio, depending on the X ray flux
and gas density. Therefore, the observation in M82 of a ratio ~ 2 x 10-" 3 (sec Tables 2

and 3) is more naturally explained with a PDR origin for the [C11]and [O 1] emission.

A third form of evideuce for a PDR origin of the [C 1]] line in M82 is given by
the obscrvations of Crawford et al. (1 1985) of the correlation of [C 11] 158 yn to CO
(J= 1-»0) towards regions (including the nucleus of M82) of high1'UV fields aud the
subsequent interpretation of the corrclation by Wolfire, Hollenbach & Ticlens (1989)
and Stacey et al. (1991 ). These groups modeled the cor elation in terins of FUV
illuninated molecular clouds in which the [C 111158 ynn is produced near the surface
and the CO (J= 1- »0) somewhat deeper into the cloud. The fact that M 82 follows
the same correlation as well-stu(licxl PDR regions 1 our own galaxy lends support to
the supposition that much of the [C11}158 yan fine siructure cimission in M82 arises

predominantly inthe 11 )R surfaces of a large enseinble of molecular clouds.

Finally, the close correlation between the line profiles of [O 111] 52 jrn, 88 jun
and [N'111] 57y (Dudly et al. 1987) withithe [() 1] 63 e profile is naturally explained
if [() 1] originates in photodissociated gas which is adjacent to, and travels with the

orbiting 11 Il regions.  Superiiova shocks, on the other hand, would not necessarily
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corrclate with the dense 11 1 regions (sce, for example, Telesco & Gezari 1992, who
find no obvious correlation of supernova remnants and H 11 regions in M 82 ), and the
supersonic velocities would alter tile line profile relative to the profiles from the H 11

plasma,

3.3. H 11 Regions

The ionization balaice in H 11 regions results in some Ct, ()0, and Sit in the
H 1 I plasma which will contribute to the fine structure emission. Because Q0 has
an ionization potential similar to Il and a rapid chaige exchange reaction proceeds
between the two spec.its, the O /0° ratio is nearly identical to the H1 /H ratio in
Hi I regions, Therelore, the 0% ahundance in I i regions is extremely low and the
[O 1] 63 yun contribution is insignificant.

However, the contribution of [C 11] 158 jun and [Si 1] 35 yan from the il
regions produced by the ~10° O stars in the central region of M 82 may be significant.
Figure 3 displays the results of applying the Rubin (1985) Hi1region code to a simple
m odel of 60,000 O stars, cach with Lyman continuum lum inosity of Ny .- 10
photons s- ' and cach embedded in a constant density, ne = 190 eim™ 3 jonization-
bounded IT 11 region. The observed values are shown with {illed circles and 1 o crror
bars while the model values are open squares. Ioxtinetion corrections for wavelengths
shorter than 35 g ave significant, withexp(7) ranging betweenl.3 and 2.2, Most
of the model values i this short wavelength range are withiin 10 of the observations.

The relatively poorer fit, to [Ne 1] (the model assumes solar abunda nee for gas phase
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neon, sce below) may be attributed to tile large and uncertain extinction correction
applied for this shod wavelength line. The model fits the data well at tile longer
wavelength transitions, with the exception of the [C 1] and [Si] lines, which the
model underpredicts; however, the model [C 11] and [Sin]line fluxes are proportional
to the assumed gas phase abun dances of C and Si, respect ivel y. Figure 3 assumes
[C/H=— 2.8x 107" and [Si/H:=-4.5 X10--6] (86% of the silicon is in grains), values
appropriate for difluse clouds and 11 11 regions in the solar vicinity (Rubin, Dufour, &
Walter 1993). Thus, a gas phasc [C/H] ratio of ~ 10 3 and [Si/N] ratio of 1.5x 10°°
are required for 1711 regions to produce the bulk of the observed [c 11] 158 yun and

[Sin}35 yun emission.

The [Si 11] 35 jain emission can originate {roni 1 1 1 regions if the clemental silicon
abundance in M 82 is solar and only 50% of the silicon is in grains, as might result from
the supernova shock destruction of dust in the M 82 nucleus. Alternatively, the [Sin]
35 1 camssion could originate in 11 11 regions if the elemental silicon abundance were
aboul b times solar, and a “solar ncighborhood” 85% of the silicon was incorporated
in dust. Beck et al. (1978) describe [Ne ) 13 jan observations which suggest roughly
solar abundances of hicavy clements in M82. Thercfore, if I 1 regions produce most of
the [Sin] cmission, we favor a model with solar clemental abundances of Si, but only

. N . . P . N
once half the Si bound in graius and a gas phase silicon abundance of ~ 1.5 x 1072,

Solar clemental abundances mean, however, that only <30% of the [Chn
k) .

158 yom emission originates in Wi gas.  Carral et al. (1994) compare the [Cr]
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cmission from an ionization 1-bounded H 11 region with the [C 1 1] cmission from the
PDR which surrounds the ionized gas. They show that, regardless of the elemental
abundance of C, the PDR dominates the Ciiemission (by factors of typically 2-3) as
long as 1¢ 210 ¢ “in the H 11 region and Teff of the central star exceeds 33,000 K,

We conclude that $30% of the {C11] emission is produced in 1111 gas and that most

originates in PDRs.

3.4. The Origin of the [Sill] 35 i Finission

We have suggested that an H 11 region origin for [Si 11] 35 pan is possible with
high silicon gas phascabundances. We must now exainine PDR contributions in the
high-abundance case, and determine whether PDRs could dominate the total [Si n]
35 pm emission. The observed [Sii] 35 jun luminosity in M82 is ncarly thesameas
the [0 1] 63 yan luninosity, whereas theoretical models of PDRs ('TH) predict [Si 11]
35y /[0 1] 63 gun ratios of order £0.1{(xgi /Xoo Y1 072], where xg;4 and x¢o are
tile gas phase abundances of Sit and 0°, and 10’is the appropriate value of this
abundance ratio in difluse clouds (cf., Van Steenberg & Shull 1988), Tn diffuse clouds,
most of the elemental oxygen is in the gas phase whereas ~ 85% of the elemental
silicon is tied up indust. A [Sin] 35 pum/[O1] 63 pm ratio of order unity is also
observed in the galactic center (Graf et al. 1988) and in M] 7 (Meixuer et al. 1992),
and in both cases a ). origin hiws beeninvoked. A hough the galactic ceniter may

be explained by high xg:4 / xpo, such an explanation seeins unlikely in M1l 7 where

we would expect silicon {o e depleted as is observed i most di fluse and molecular
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clouds. Meixner et al. (1992) suggest that the [Si 1]] 35 pan/[O1] 63 ynratioin M17
may be understood by assuming self absorption of the [0 1] 63 y1n cinission by cold
foreground clouds. Additional self absorption of [01]63 punin M82 seems unlikely
because the ensembleof clou(1s which produce the [0 1] 63 stm emission are orbiting at
high veclocities and the probability that one cloud absorbs line einission {rom another
is very small.

Therefore, for [Sin] 35 jm to nave a Pl )R originin M82, we require that the
gas phase silicon abundance be high xg;4 ~ 3 x 10-"" (solar) inthe PDR. However,
the gas phase silicon abundance in H 11 regions should be at least as high as the
abundance in the neighboring PDRs. We have showriin §3.3 that a gas phase silicon
abundance of ~ 1.5 X 10--5 will produce all the [Si 11] 35 gan cmnission in I 11 regions.

We conclude that the gas phase silicon abundance is high, ~ 1079, and that
most of the [Si1l] 35 pun emission arises from the observed 111 1 gas. Because the
[Ne 11] 13 jan observations of the nucleus give little indication that the clemental
abu ndance of the heavy elements are much higher than solar (Beck et, al. 1978), it
appears thal the fract ion of silico nin silicate grains is less than thie difluse ISM value
of 0.85, presuimably because of the vaporization of grains by supernova shocks i the
violent centralregions of M 82, We have argued for a similar 11 1 1 origin for {Sin]in
N GC 253 (Carral et al. 1 994). We speculate that this may be o common situation

m starburst nuclei.

4. Distribution of the Emitting Gas and 1 Just
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4.1. Emission Distribution In ferred from Single Apertures

Tile many studies of the gasand dust i the center of M 82 show that the
emission originates from an elongated structure, as from a bar or a disk of size
~13x26" or ~200x400 pc (Joy, Lester, & Harvey 1987; Telesco et al. 1991 Telesco
& Gezari 1992; Waller et al. 1992). Figure 4 shows contours for the nonthermal
radio emission, the CO J== 1 — O emission, the I ] (21 cm) emission, the dense
molecular gas tracers such as CS, and the 30 pgm and 40 jan dust emission. All these
emission distributions show an elongated structure having the same inclination angle
in the inner kpe. The most striking attribute of the many emission distributions
scen in Figure 4 is that they do not peak at the nucleus, but rather show dual
peaks in the Northeast and Southwest at distances of 5 - 15" (75 - 225 pc) from the

=
centber, The occurrence of “twin peaks” of molecular en 1ission/‘rccognizod 4% 4 comninon
phenomenon in star burst galaxics, and may originate as products of inner Lindblad
1(s011 ances (Kenney et al. 1992, Telesco et al. 1 991), An alternate possibility for the
origin of these hot spots is from the edge-on viewing ()i}\singlc tightly wrapped inner
spiral arm (Telesco et al 1991 ; Shen and Lo 199 5).

The FIR line enission is consistent with an origin in an clongated or bilobal
structure. One indication of this comes {rom comparing multi-aperture observations.
InFigure b we plot the relative flux for the [O1]linescenwitha 30”7 and 40" aperture

(Lugten et al. 1986), and for the [Si 1 1] obscervations taken with a 34" and a 44”
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aperture (this work). The data show an increase in flux with apert ure size consistent
with an extended disk, represented here by the distribution of the 40 g continuum
emission (dashed line), but inconsistent with anine case influx with aperture size
from a uniform distribution (dotted line).

In contrast tothe[O ] and [Sin] distribution, the [C11]158 pan ciiission,
mapped by Lugten et al.  (1986) and by Stat.cy et al. (1991) originates from a
more ext ended region, with a similar but, larger disk-like distribution. The map of
Stacey et al. shows [C11] emission with a FWHMalong the major axis of 457, mostly
unresolved emission along the minor axis, but with some[C1 1] emission as far as 2’

from the center along the minor axis.

4.2. Scparating the Northcastand ,S0 ut hwest Cornponcents

The [O1] and [Sin] line profiles have remarkably similar shapes, as may be
scen in Figure 2. Fach profile has a major peak at v - 145 kin s and a minor peak
or shoulder at v~ 320 X! &'his swmce pattern is also scen in the [O 1] 52 jun,
[O1m1] 88,,111, and [N ] 57 semn line profiles (Dufly et al. 1987) and suggests that the
cmission seen 1 all of these lines originates i the sanne or closely associatedregions.

We have fitted Gau ssians with a flat continuwmn to the [() 1] and [Si | 1] profiles
with results given in Table 4 and Figures 6a, 1). Iach fit used G freeparameters:the
Lcight, width, and centroid of for cach of the two Gaussians. The 1 educed y2 for cach
fit is of order unity, indicating that the profiles are adequately fit by the functions.

Table 4 shows that the velocity centroids and widt s of the two Gaussians (cach) for
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the two lines match within the errors,

Just as the [Cn] emission appears to be more extended than the [O 1] and [Si 1]
emission, the shape of the central [C 11] profile (Lugten et al. 1 986) is also diflerent
from that of the[O 1] and [Si ]1] profiles. It is more centrally peaked in velocity, and
dots not show a pronounced 320 km sl shoulder. However, wehave prelininary
data ( Carral et al. 1996, in preparation) which seeins to indicat ¢ a somewhat dif-
ferent central [C 1) profile than that scen by Lugton et al. Thercfore, rather than
trying to apply a two Gaussian fit to the published [C 1] data, we have elected to
estimate the [C 11] line flux in the two velocity components seen at other wavelengths
by simply identifying velocity ranges for the two components. The fluxesin the [O 1]
and [Si1 1] Gaussian compounents arc recovered if we identify as the northeast com-

ponent the integrated cmission for v> 250 ki g7

and as the sout hwest component,
the integrated emission for v< 250 ks~ 1. The resultant [C 0] fluxes for the two

components arc given 1 Table 3.

The velocity field of the inner kpe of M82 can be used to deduce where the FIR
line emission originates. We have examined the high resolution velocity ficld from
Hea (Heckathorn 1972; O’Connell & Mangano 1978), CO J:- 1 - 0 (Carlstrom 1988;
Shen & Lo 1995), and [Nen] (Achtermann & Lacy 1995). These velocity maps all
show consistent trends i the central region. Within the inner 1 kpe, the Ine-of-sight
velocities ciange most rapidly along the major axis passing through the center of the

galaxy, as cexpected from rotation. The mean gas velocities taken from Carlstrom
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(1988) run roughly linearly from 120 to 320 km s  lalong themajor axis from —10”
in the southwest to 1 O“ in the northeast. This same general rotation curve is apparent
in the more highly resolved CO map of Shen & Lo (1995), and the [Ne 11} map of
Achtermann & Lacy (199 5). but for these maps more velocity crowding is visible
in the southwest. The Ha field shows similarly spaced isovelocity contours running
along the! major axis, but with S-shaped distortionsindicating streaming and/or
z-motions (sce Figure 4). Beyond 10" the velocities change more slowly, rcaching
90 kin S? and 370 km s*1 at 4-20” from the center, while maintaining a dispersion
of 50-100 km s " Inthe regions beyond + 1 O, where the rot ation curve flattens,

there arcmany indicators of enhanced emnission due to star formation.

The velocity centroids of the [O1] and [Si 11] emission features indicate that the
cmission pinks originate at distances about 1 0* to the NE and SW. of the nucleus.
Figurc 4 displays the 11 « isovclocity contours crossing the major axis in M 82 along
with filled cireles on the major axis posit ions with velocities mat ching the velocities
of the [O 1] and [Si 11] peaks. We have placed the blue-shifted FI R line emission
feature closc to the nucleus, where there is a bright mid-infrared and Ne 11 peak.
Because of the relatively flat rotation curve beyond this point, the red-shifted emission
could also originate further from the center. A second plausible CO peak is located
about 5" further southwest. Comparing these positions wit h the map of Shen & Lo

(Figure 4, center left pancl) we see that the nort heast and southwest components

have counterparts: Shen and Lo label these positions 12 and Cland they are within
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3“ of the assumed PDR hot spot positions, Figure 7, pancls (i) and (k). With the
velocity crowding apparent in the map of Shen & 1,0 (1995), region W3, a third
CO peak located about 15" southwest of t he 2.2 pim center may also be part of the

southwest hot spot.

To gauge the location and compactness of the FIR line emission in the north-
east and southwest “hot spots,” we have made sample synthetic line profiles using
the detailed disk velocity fields. The synthetic spectra shown in Kigure 7 were made
using the N« field, and little variation was found if the CO (J=- 1 -O) field was used
instead. The synthetic profiles were generated from three input componeuts: the ve-
locity ficld, the ciission distribution, and the instruinent beam profile. A Gaussian
velocity dispersion with o == 63 km s-” I was used in each case, to match the major axis
dispersion seen in the! CO, He, and H1 data. Finission distributions of dust, atoms
and molecules were gathered from the literature (left pancls, Figure 7). The CGS
beam shape used for our [0 1] and [Si 1 1] observations was simnulated. These computer
models yielded tile synthetic “line” profiles (velocity histograms) scen in the right
hand panels. Figure 7 (right panels) show that four assuined emission distributions
(12 yun; 40 gan; 3 mmy; and CO) result, inucarly Gaussian velocity distributions, with
a median velocity near 200 kins™ . The ouly models found to replicate the observed
double-lumped [O 1] and [Si 11] profiles were those which assurned the emission to be
confined 1o small (< 8) regious on cither side of the nucleus as shown in pancl (i)

. . . . VS ) .
and (li). The not spol model in panel (i) used an cmission regionk 8" in diameter .
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(FWHM) while the model shown in panel (k) used emission regions 2" in dianeter.
We prefer model (i) because of its closer correspondance to the CO distribution.
The best fitting velocity dispersion in these models was found to be GO km s1 and
65 km S-1 respectively. When regions larger than 8" were considered, these could
not be fit, because velocity dispersions which produced the correct overall line width
failed to retain the double humped structure, Comparing the synthetic profiles to
the! observed [O 1] profile, we conclude that the northeast and southwest components
of the [O 1] and [Si11] lines arc separated by about 207, consistent with the bright CO
peaks of Shen & Lo (1 995). However, with extreme velocity crowding, the separation
could range from l0” to 30”. ~’here dots notappcartobean appreciable central
component present .

What causes these two peaks? Wc suggest that the two FIR line emitting lobes
represent either the cross- section of a molecular torus of cimission or molecular gas
concentrations located just exterior to an ionized gas torus, as depicted by Tarkin
et al. 1994, This proposal was first laid out by Telesco et al. (1991) and given
observational support by Larkin et al. (1994) and Achtermann & Lacy (1995). The
ionized ring is in direet contact with the molecular gas concentrations, which are
located on cither side of the central bar where the leading dust lane crosses the
outer-TLIR. The bar potential causes the orbits to crowd here. A good examnple of

this morphology may be scen (facc-on) in the galaxy NGC 6951 discussed by Kenney

ct al. 1992).




5. MODELING THE CENTRAL 400 PARSECS OF M82

b5.1. PDR Modecling

Ilusembles of clouds exposed to FUV radiation have been imnodeled by Wollire,
Ticlens, & Hollenbach (1 990; WTH ). These authors show how to use IR and mil-
limeter observation to derive parameters including the gas density 1, in the pho-

todissociated cloud surfaces, the surface gas temperature ‘I',, the cloud arca ¢4 and
volume ¢y filling factors, the incident FUV flux Gy on cach cloud, the average FUV
flux intheISM G 4 v, and the number N, and radii vy of the clouds. The essence
of the modeling is that line ratios give the density, temperature and incident, FUV
flux on the clouds, linestiengths give the atomic and molecular mass, and a comn-
parison of the atomic mass with the molecular mass gives the number and size of
the clouds, since greater numbers of small clouds resultinmore surface area and
therefore in a higher atomic/inolecular ratio. The ]rarameters Ny, r¢) . and ¢y arce
the most uncertain in the derivation, i part because they depend sensitively on an
estimated value for the molecular gas mass and oun an assumed value for n, the ratio
of the density inthe molecular center of cach cloud to the surface atomic density.
Ny ep, and ¢y also depennd 011 the dimensions of the emitting region. To estimate
the dimensions, we consider the 200 x400 pe (26 x 13") region enclosed by the half

power contour of the FIR continuui, as outlined by the 40 g map of Joy et al.

(1 987), a size consistent with the detailed MIR map of Telesco & Gezari (1 992). We
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trcal three different spatial distributions within this region. The most simmple is a
uniform cmission dist ribution over tile entire 200 x400 pc region (Model 1). As a
refinement, we divide the 40 pgan continuum map into northeast and southwest com-
ponents (along the major axis) with areas based o11 the FIR continuum contours
(Model 2). Lastly, we consider the confined emitting hot spots implied by the anal-
ysis in §4.2. These regions are modeled as 125 x 125 pe (8x 8%) regions cm either side
of the nucleus (Model 3). Model 3 is our preferred 1nodel. The WTH procedure is

deseribed briefly in Appendix B.

I applying the WTTI procedure to M82, we have used tlic iimmproved molecular
mass estimate of Wild et al. (] 992), M(115):1.8 x 108 Mg, derived from a multi -
transitional and isotopic st udy (sce Appendix C). In our models, we have assuined a
core to surface density ration = 3, which represeuts a mean between a turbulence-
dominated cloud ( ~ 1) and a cloud in thermal pressure cquilibrium ( ~ 10,
assuming 74 ~ 300 K and a molecular core temperature of ~ 30 K). Weused the
obscrved fluxes in the two velocity components to model the northeast and southwest
regions scparately.  Since the Wild et al. molecular mass is larger thau previous
estimates which assumed optically thin CO emission (Appendix C), we have also run
models with half themass (0.9 108 Mg) to examine our seusitivily to the molecular

111ass,

The results of the WTH analysis arc shown in Table 5. ‘1 'he one component

(Model 1) results confirm the previous analysis of Lugten ¢t a] (1 986) and WTH,




- 27 -

which showed small, dense clouds illuminate by intense FUV {luxes. The two com-
ponent models (2 and 3) show differences in the physical conditions in the northeast
aund southwest components. This can be intuitively understood by noting that the
[01)/[C n]{lux ratio in the northeast component is approximately 3 times larger than
the ratio i the southwest component, and that this ratio increases with increasing
gas density and temperature (TH).The model results suggest, that there are more
clouds of lower mass ~200 Mg i the southwest region, while in the northeast region
the clouds arc hotter and more massive ~3000 Mg, (thic mass per cloud is obtained by
dividing the total mass by the mumber of cloucls). The area and volume filling factors
arc the only derived parameters which difler in Models 2 and 3, because the filling
factors are calculated for di {flerent sized regions. However, the most striking general
result is the large number (~ 105 — 10°) of small ry~ 0.4 --1.0 pe, My~ 200—-3000

M@) clouds which populate the nucleus, These clouds have surface gas densities of
order 107 e 3, incident FUV fluxes 103 -- 10times the local interstellar value, and
surface temperature in the atomic gas of ~200 - 300 1{, They arc “separat ¢” clouds
inthe sense that they do not appreciably shield each other from the FUV field; given
this requircment, however, they may still be clustered to some extent, for example,
in sheets, filaments or hot spots.  This point is nuportant ecnough to be reiterated:
our modeling procedure basically compares the atomic mass to the niolecular mass

to dctermine the surface arca of neutral cloud exposed to dissociat ing UV radi ation.

Therefore, we are not necessarily advocating an ensceinble of spherical clouds of radius
b o
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rol, bul v represents the size scale (thickness or diam eter) of th ¢ spherical, sheetlike,

or filamentary neutral clouds which populate the nucleus.

The derived 1, and Ty, in the PDRs give a thermal pressure of ~3x 10°K cm®.
This PDR pressure is comp-able tothe average thermal pressure inthe M 8211 11
regions, 4x 100 1{ cm™3 as modecled by Dufly et al. ( 1987) and Houck et al. (1984),
which suggests that pressure equilibrium has been established between the PDRs and

the presumably neighboring H 11 regions.

The mass of the ionized gas can be calculated by comparing the thermal radio
continuum (Carlstrom 1 988) or the Bra luminosity (Willner ¢t al. 1 977) with the
clectron density 1. ~ 200 cin™® determined from line ratios by 11 ouck ct al. ( 1984)
and Dufly ct al. ( 1987); theresult is M,,,~ 1 -2 x 1 0'M¢,. The volume of the
emitting gas is found by dividing My by the density: the result is 5 x 1067 cin®, The
volume filling factor of the ionized gas is ~0.07 if we assume a disk of thickness 200 pc
and diameter 400 pe, ~0. 1 5 if it is @ bar of diameter 200 pe (13”) and length 400 pe
(267), and unity if all the jonized emission originates from two hot spots (northeast

and southwest) that are spheres with diameters 125 pe (8”) (Model 3).

The derived filling factors and densities of the neutral and ionized components
suggests the small, dense, neutral clouds are cmbedded in volume significantly filled
with 1111 plasmia, in a highly pressurized ISM (~ 103 times the average pressure in
the local Milky Way). Given its size of ~ 0.5 pe aud swiace temperature of 250

r . . . . . ¢
K, a single cloud has a dynamical (thermal) expansion timescale of £3 x 10 years.
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In order for such highly pressurized neutral cloudsand 11 regions to persist, the
entire 1SM 1must be highly pressurized and must scrve to prevent this dynamical
expansion of individual components. Any substantial volume not filled by the H i
gas nust therefore be filled with hot (perhaps 106 — 107 1), low density (~ 1 cm-3),

supernova-shocked plasina of the samme pressure,

5.2. The Glo bal Pict u re of the ISM inth ¢ Cen tral 400 Parsccs.

The PDR models indicate that the incident I'UV flux, G, on each cloud is
about the same as the average interstellar flux, G4 v, in th ¢ region contained in the
beam (Gy is derived from the PDR fine structure lines, whereas G 4y is derived from
the heam-averaged radiation field seen in the FIR, see Appendix 11). This suggests
that the OB stars might be randomly distributed throughout the volume of the
emitting region, i.e., the starsarcnot spatially correlated with the clouds in the
ciission regions. Depending on whether the emission region is the disk, cylinder, or
double hot spot desceribed above, the average distance between the clouds is inthe
range 1.5-3.8 pe and the volume filling factors arc ¢, ~ 8§ x 103 (disk), 1.6 x 102
(eylinder), and 0.11 (hot spots). Similarly, assuming 6x 10" massive O stars provide
the fonizing photons, the average distance between these starsis 7.6 pe (disk), 6.0 pe
(cvlinder) and 3.1 pe (hot spots), Since star-star gravitational interactions, cloud-
cloud collisions, and star-cloud interactions will cert ainly induce relative motions of
> 31:111 s- "between a cloud and a massive star bornin that cloud, we expect massive

O stars to travel at least 10 pe from their natal cloud in their ~ 3 x| 00 year lifetime.
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Therefore, it is not surprising that the stars are “randomized” with respect to the
Clouds .

We propose a modelin which randomly spaced O stars illuminate the com-
pressed clumps of molecular gas between them. The pressure of the ISM is deter-
mined by frequent, supernovae blast waves, which maintain a hot ~ 108 K, pervasive
intercloud mediumn (such as discussed in McKee & Ostriker 1977). The rate of super-
novace explosions in the central 400 pe is taken to be RSNNO.]yl-“l (sce $1). The
“porosity factor’” @ (McKee 1992), which measures the volume filling factor of the

hot mtercloud medium, can be estimated {rom

0 woq (2000 Yo (3x10%m 3K 136/ e 5.1)
~ 0. —— s 1 mm e — — P .
R 1 p 0.1 .Vl‘»'] , (0

where R is the radius of the entire region and nj is the density in the hot intercloud
plasta in cm™* (we envision 1y ~ 1 em™3 and temperature Ty ~1- 3 %100 K, so
that the pressure is the same as Pppp and Pyjp ~ 3 —4 x 108 ean™ 3 K). Q > 1
indicates that the hot gas has a large volume filling factor (~ 1) and may drive a
galactic superwind. If QS 1, the pressure produced by the supernovace can be written
P 213.,S I9t.p0 (McKee & Ostriker 1977), where S is the supernova rate per unit
volume, I9 s the kinetic energy i a typical supernova, and.fo/1s th ¢ cooling time
of the hot plasiia. Using the cooling rate for WX 10" K plasma fl'oil] Cowic,

MecKee, & Ostriker (1981), we obtain for the pressure of the hot plasma

3/2 1/2
. i 6 1.1/2 0.3 200 pce Ren -3
]) ~ g X ]() ! ]/51 ‘]G (»]{,” ’0]’;’1_1 I ]<’ (4)

where Iy is the supernova energy in units of (o1 crgsand T = Ty /1 0% 1. Therefore,
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assuming Ji5; = 0.25, R = 200 pe, Rgy = 0.2 yr™ 1, and 75 ~ 1, we obtain P~
3x10% cm™3 K and Q ~ 1.

The solution is nicely self consistent. The su pernovae would be expected to
evaporate clouds until the density in the hot plasma is suflicient to allow most of
the cncrgy to be radiated away. This corresponds to ) ~ 1, At the same time, the
volume filling factor of the hot plasma is high, of order unity. The pressure produced
by the supernovae is exactly what is observed in the denser 11 and PDR phases
of the ISM if the not plasma has a temperature 7~ 1 x 106 K. This temperature
1s typical for the interior of evolved SNR in clumpy ISM (see, for example, McKee
1992). The resullant pressure prevents the H 1 1and PDR gas from expanding in a
dynamical time of 3 x 1 0% yr. Some of the hot plasina may escape from the! central
regions, producing the observed superwind in M82 ( Chevalier & Clegg 1985). This
model shows how a highly pressurized ISM is maintained, and predicts the value of

the observed pressure.

6. SUMMARY AND CON CLUSIONS

As pointed out by, for example, Sofue ( 1987) and Yun ct al. (1993), M82
experienced a severe gravitational encounter with M81 only 200 Myr ago, which
mitiated the formation of a bhar. Regions where the leading dust lane crossed the
outer- 11LR bar arce preferential sites for intense gas concentration and star formation
(Kenney et al. 1 993) because of the streamline crowding there and the subsequent

frequent cloud-cloud collisions. The observed [O 1] and [Sin] emission will naturally



originate in PDRs and 11 nregions in this vicinity, characterized by high gas density

and ultravioletl fluxes and ongoing massive star formation.

We have argued for a PDR origin for the obscrved [() 1] 63 jsan emission and
an 11 1 region origin for most of the [Si 1] 35 yun emission, Althoughthe element.al
abundance of silicon in the central 400 pe of M82 is probably about solar, the gas
phase abundance of silicoun is high, ~ 1.5 X 1075, indicating that, only about half the
silicon is incorporated in silicate grains. We speculat e that a significant fraction of

grains in this violent central region may have been vaporized by supernova shocks.

The PDR modeling of the neutral clouds in the central 400 pe of M82 indicates
that they are numerous (Ny~5 X 10:)), small (rg~ 0.4- 1.0 1) C), dense (g~
101 e~ 3), and massive (Mg ~ 200 -- 3000 M), although we note they arc less
massive than GM Cs). We ciphasizet,hat the ‘(clouds” may be clustered in sheets or
filaments, so that r. represents the scale size (thickness or diameter) of the spherical,
{ilamentary, or shicetlike clouds. In fact, we argue from the line profiles that the clouds
are clustered i two hot spots, of size 125pce x 1 25 e, on either side of the center
of the galaxy. Their volwumne filling factor in these hot spot regions is ~ 101 The
derived cloud properties in M 82 are quite similar to those derived for NGC 253 by
Carral ot al (1994). Carral et, al. found Ny ~2 X 107, vy~ 0.75pc, ng ~ 107 em™ 3,
and My ~ 2X1 01 M, 1n NGC 253 with incident PUV fluxes perhaps 5 10 times

that of M 82.

The M 82 clouds are highly pressurized. Their surfaces are iJluminated by FUV
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fluxes 103---104 times the average local (Milky Way) interstellar FUV flux. These
high FUV fluxes represent the average FUV flux in the central 400 pc of M82. The
FUV heats the atomic surfaces to ~ 250 K, resulting i1 pressures °/k ~ 3 x 10°cin ™3
K. With no external confining pressure, such clouds would expand and disappear in
<53 x 10° years. 1 owever, the ionized gas in the central 400 pc of M82 fills a significant
fraction, 0.1, of the ISM volume with gas of similar pressure (1.~ 200 cm®and
T ~ 104 K). In addition, the frequent supernova shocks likely maintain the rest of
the ISM at 7'~ 1 0% K and 1e ~ 1 cn’'3, thereby filling any remaining volume with
plasma of equal pressure. The rate of supernova explosions determines the pressure
i the ISM, compressing and pressurizing the 111 egions and the neutral clouds.
Pressure-confined, the clouds cannot expand freely. The large prressures in the entire
central 400 pe of M82, three orders of magnitude higher than the average thermal
pressure inour local ISM, maintain high densities it the cores of' these clouds. Such

pervasive high densities may lead to rapid star formation.

It appears that theinteraction of M82 with M 81 created a central bar whit.11,
in turn, induced the subsequent concentration of gas and dust in the central 400 pe
of MBE&2. The resulting high gas dens it ies have caused a rapid rate of star forma-
tion. Thic large mput of supernova shock energy has created a hol phase sufliciently
pressurized to drive astrong superwind in M82. This pressure has also compressed
the neutral clouds and may have accelerated the star formation rate. However, the

fragicntation, photolonization, aud photodissociation caused by the massive stars
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is having a devastating ¢ {fect on the molecular gas out of which these stars must
preswinably form. Already the clouds are sufficiently small or thin, and the UV {lux
sufliciently intense, that a significant fraction (~ 0.1) of the gas is photodissociated
and warm (~ 250 K). Clearly the starburst will soon self-destruct, having destroyed
the very environment necessary for its existence.

We are especially grateful to P. Dully {for motivating the original observations,
and his work 011 the instruinent, the observations and the [0 1] data analysis. J. Wolf
was 0of considerable assi stance with both the instrun rent and the observations. We
thank J. Baltz, . Carral, and J. Simpson for their help during the flight series and
to the stall of the Kuiper Airborne Observatory for their skillful support. C. McKee
provided uscful (list.ussiolls. This work was supported by NASA under the RT'OPs

188-44-53 and 352-02-03.



APPENDIX A.

DATA REDUCTION AND VELOCITY CALIBRATION

The [O 1] and [Si 11] observations were made in February 1986 and Febru-
ary 1987, respectively, and the [O 1] line was reobserved in I decemnber 1990. The
lines were observed using the facility Cryogenic Grating Spectrometer (CGS, Frick-
son ct al. 1984; 1985;1995) ou the 91 cmn telescope of the KA O. The instrumen-
tal beamn was centered on the 2.2y nuclear peak located at ( 1950 coordinates)
= 9" 51 43°5, § =-- 69( 55’ 01" (Dictz et al. 1986) and had a ’'WHM of 34” and
44” for [Sin]and 44” for the 1987 [O 1] observation (Table 3). The M82[0 1] spectra
from 1990 and 1986 agreed well in width and shape, and tile 1990 spectrum, while
of lower siglltil-tic)-lic)isc and more coarsely saimpled, was useful in fixing the wave-
length scale of the 1986 data. The 1990 data were taken with & 31" aperture and
a 73 kins™ ! detector spacing, Offsct guiding on nearby bright stars and boresight
uncertainties yielded an rus pointing error of 5" during each observation.

Six Ge: Ga detectors were used for the first (11 986)[O 1] 01 »servation, and 13
Ge: Sh detectors were used for the second (1 990) [O 1] obscrvations. For the [Si 1]
observation, 13 Ge:l3e detectors were used. In cach case, the full ine width from
M82’s central region (Av~400 kin 51 ) is sufliciently large to require the use of

mulliple echelle grating settings for coverage of the entire line and nearby continuun.




- 36 -

The multiple observations overlapped in wavelength, oversamplinig the spectra by a
factor of about 2. The velocity resolution for each observation is given in ‘Jable 3.
The data were acquired while chopping with a 4’ throw, oriented along the galaxy’s
minor axis. Sequences of four 10 s integrations were taken, with the source placed
alternately in the left and right beam. The total integration time for cach line was

about one hour.

The galaxy spectra were corrected for the respounsivity differences among de-
tectors by dividing raw spectra of M82 by a spectrum of the K1, nebula in Orion
taken carlier in the flight at a nearby wavelength. An additional correction for the
differcices in detector respousivitics and filter and grating efliciencies at the slightly
diflering wavelengths used on the KL nebula and M 82 was removed using spectra of
a laboratory blackbody. These later corrections varied smoothly across the passband
and were <$15% for the [O1] line and £30% for the [Si 11] line; they are known to

<H%.

The [Si1] band is clear of atmospheric features, with 99% atmospheric traus-
nussion at the {light altitudc' of 41,000 feet. However, the [O1] line is strongly affected
by a heavily saturated 1190 line located to the red of the [O1] line center. Tven from
the highest aireraft altitudes used on the 1986 flight (45,000 {t), the atmospheric
transmission declines rapidly from ~95% at the shortest wavelength in our spectrum
to <10% at the longest, with a strong dependence on the overhicad 19O burden.

Iigure 1 shows our [O 1] spectrum before correction for atmospheric absorption, as
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well as several possible transmission curves.

Three criteria were usced in determining the water column depthis necessary to
correct for atmospheric absorption. First, we determined a coluinn depth of ~8 jum
of precipitable water towards KI. at a {light altitude of 39,000 feet by measuring the
spectrum of a telluric water linein absorption against the continuum emission of the
nebula. We used this value to scale the output of the KA O aft zenith radiometer
(also correcting for source elevation). At 43,000 feet, the scaled radiometer output
indicated a rapidly varying column depth for the M82 observation 1yetween O and 6 jun
and at 45,000 feet it indicated about 1 yun of HoO. Sccondly, 1 1m more water was
required at 43,000 feet t han at 45,000 feet in order that the corrected flux densit ies
taken at different altitudes be similar. Finally, we determined the water column such
that the final continuum flux densities on the long wavelength side of the line were
equal to those on the snort wavelength side, where the absorption correction is small.
All three criteria were mect by $3 pan at 43,000 fect and $2 i of water at 45,000 feet.
111 Figurclthe data sets at two different altitudes have been renormalized to have the
same continuum {lux on the blue-shifted side of the line, and the atimospheric curves
have been normalized to pass through this continuwn, to allow a comparison of the
continuum absorption onthe reel-slliftexl side of the line. The relatively small H2O

burden implies extremely dry stratospheric conditions, optimal {for this observation.

Absolute flux calibrations were obtained by multiplying the ratioed spectra

by the appropriate flux of Kl. at 35 jan and 63 jan. The continuum {luxes for




- 38 -

K1, were obtained from Erickson et al. ( 1981) and corrected {for aperture differences
using a 26" FWHM Gaussian model source distribution for KJ,, as deduced from
unpublished work of Werner (personal communication) and by our own observations
in several diflerent apertures.  For the 1986 [O 1] observations, and the 1987 {Si 11]
observations, calibration spectra of KI. taken on two separate mights agreed to about
10%. Uncertainties in the KT, and M82 source:-Imam coupling models raise the total
flux uncertainty to about 2L% for cach line, and cause a total error of about 15% for
line ratios. Linc ratios have a lower error because the lines shai ¢ a common source
distribution and model calibrator spectruin.

Absolute wavclengths were determined in a two step process. Firstly, Vi ¢,
Doppler corrections and known imstrumental oflsets were removed from the data. Sec-
ondly, observations of [O 1] in standard astronomical sources were used to eliminate
errors in laborato ry-determ ined wavelength calibration. The [Si 1] observations were
calibrated in this mauner and yiclded absolute wavelengths accurate to 20 k',
The[O 1] line velocity was calibrated using the 1990 source line profile and wavelength
calibrators (Orion K1,,1C 418, NGC 40) {rom thc1990 observations. Accurate wave-

1

length determination for the [O 11 line was also achieved within 20 kin - s
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APPENDIX B

PDR MODELING OF ENSEMBLES OF CLOUDS IN
GALACTIC NUCLEI

In the WTII model of the nucleus of a galaxy, N identical, neutral, spherical
clouds are present in the beam, each with a radius r and an incident, external FUV
flux given by G, in units of 1.6X 1073 ergs em ™2 s- ! (Habing 1968). These clouds
cit {C 11] 158 g, [O 1] 63 pean, 145an, and [Si 11135 yan line emission, as well as IR
grain continuuin {rom the warm, atomic, FUV illuminated outer layers (characterized
by an average gas temperat ure ‘J,and a hydrogen 1iucleus density ng). They also
emit}2C0J= 1 —» O from cooler layers somewhat deeper into the clouds, asC?
undergoes a transition to CO n the FUV-shiclded regions. The arca filling factor of

these clouds is

2
o = L el (11)

where A = QD2 is the projected arca of the beam (solid angle= Q) at the distance
D of the galaxy. The total warm atomic mass i the beam is My,

The PDR models estimate n,, Gg, and ¢a {fronn observations of [C 1] 158 jan,
[O1] 63y and the IR grain continuum (see TH, HTT, and WIIT). Given 1y, T, and
the [C 1] 168 jon luminosity (i.¢., knowing the distance to the galaxy) and assuming

a gas phase G/ clemental abundance ratio, the model gives M.
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T o proceed to the final siep of determining v and N, further assuinptions
arc necessary. We assuie that the molecular gas exists in identical spherical cores
of these clouds, and that the ratio of the molecular hydrogen density of the core to

the atomic surface density is given by
7 = 1/ /1a. (B2)

Note that the! assumption of molecular cores is equivalent to asstuning that A, =2 10
through the clouds inregious with high FUV fluxes ('T'H). Using Yquations (111) and
(B2), we obtain

16 111]]211a2(/‘)3523f)6

o o e B
I\C] 97‘((1\4& + Mln/(271))2 ‘ ( 3)

3 (M, + Mun/(27))

I,
cny mya a2

(134)
where myy is tile mass of thehydrogen atom. with the exception of 1, all parameters
on the right hand side of the equations are constants or have 1 reen derived {rom
observations. Molecular (e.g., COJ= 1-O) or dust obscrvations provide Myy; such
determinations of My, have large error bars because of uncertaintics in dust opacities
i the FIR and in the conversion of molecular line luminositics to g masses i
galacti cnuclei. Note that if My, /(2n) >Ma, the eflect of errors in My, and/or n is
large, especially inderiving NC], which is scnsitive to the values of these as well as
the physical paranicters na, Ma, ¢a, and D. Iusight into Equations (B3) aud (134)
can be gained by noting that if the masses and densities are held fixed, it is the arca
filling factor which determines N and vy greater area filling factor requires more

numerous siall clouds. Less obvious it the cquations is the fact that it 1s the ratio




4] -

of atomic mass to molecular mass which helps to fix N, and ry: since the atomic
mass is proportional to the surface area of the clouds and the molecular mass is
proportional {othe volume, this ratio incre: ses with increasing nuibers of smaller
clouds when the total mass is kept fixed.

I the clouds are inthermal pressure salance,n is about 1’y /T, L, the ratio of
the surface temperature to the temperature in the 1nolecular core. The high FUV
fields in galactic nuclei (Go 2 103, cf. Crawford et al. 1985) result in surface temper-
atures Ty ~ 300 K (TH, HTT), and, assuming T4, ~ 30 K, thermal balance would
suggest n ~10. Gravitationally bound c,1oucls could result in evens higher values of 7.
However, obscrvations of the Orion PDR, for exampl (Crawford ¢l al 1986, Boreiko,
Betz & Zmuidzinas 1988), show the linewidths of the [Cu] 15811111, [() 1] 63 jun, and
CO J:= - 1 - 0 lines are superthermal and ~H km s ', Thus,thermal pressures are
negligible and turbulent pressures dominate in the outer regions, and possibly i the
cores as well. In such cases, the gas density may be approximately constant (5= 1 ).
In the limit of a high density contrast or low molecular mass, My, /(29)<< M,, the
solution for r and N asymptotes to a minimum valie for reggandamaximum value
for N.jas the molecular core shrinks to mnsignificant size.

The volume filling factor ¢, of the clouds, assuming a spherical \’olulllllcfé’l‘irf\ﬁl

sampled in the galaxy, is given by

fRAr—

37? : (NTa'I ]\/Illl/(?"/)
411y ]11-452;3])3 ‘

by (135)

I, as is the case 1 M82, most of the bolometric luminost y 1 the beam is
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from grain IR continuum, then we can caleulate an “average FUV flux” Gay 1 the

sampled volume of the galaxy,

Gay = === =====-===dlbeoooo —— 136
AV Ap(1.6 X 10°ergs c2s~1) (136)

where {2 0.0 is the fraction of the incident radiation which lies in the FUV band
and the factor in parenthesis is the standard unit of flux, The derived Gy can then
be compared with Gay . If Go is roughly cqual to Gy, it could indicate that the
illuminated clouds are randomly distributed in our beamn volunic and there is no
spatial correlation between the illuminating sources and the clouds. Alternatively,
it could indicalc a central FUV source , and the illuminated clouds are randomly
distributed m the beam, or at least, lie near the outer edges of the 1hcam. 1 lowever, if”
Go> >Gpy, then, for example, the illuminating stars are correlated with the clouds,
or the stars and clouds find themselves in a relatively small portion of the bheam (see

WTI).
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APPENDIX C

DETERMINING THE MOLECULAR MASS

The total molecular content of the central region of M82 has proven diflicult to
measure. listimates of total molecular mass span two orders of magnit ude from 1 x 10°
(Loiscau et al. 1990) to ~ 1 x 10° Mg (e.g., Carlstrom 1988). One reason for this
situation is that 12CO J: -1-0 emission alone is not a reliable tracer of molecular mass
in this region. This becomes apparent from the fact that the “standard conversion”
for12C0 J=1-0 to M, (e.9. Young & Scoville 1984), which assumnes that 1200 J=. 1-(1
is Optically thick, gives a miolecular gas mass equal to the dynamical ( stars-{ gas) mass
estimated from the rotati on velocity (M= 109 Mg for Ve s 1250 km s+, R: 375
pe, and Teo=-6900 Jy km s~ 1, Carlstrom 1988). This is an unlikely proposition, since
the central region is known to have a nigh density stellar population (Telesco et al.
1991, Ricke et al. 1980).

The standard conversion is derived from an cmpirical corrclation observed
in molecular clouds, and can be explained by a model m which the line width is
given 1)% the virial velocity and the CO J:1 -0 is optically thick with T, , 10 K
(c¢.g. Dickman, Sncll, & Schloerlh 1986). The standard conversion is inappropriate
for M82 because the assumption that M82 molecular clouds reseimble Milky Way
molecular clouds (('g. Tepz 10 K)isnot met (as ,.list.ussc(l by Maloney & Black

1988). T'he physical conditions in the central region of M82 a1 ¢ extreme, with a
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high frequency of supcrnovae, strong UV fluxes, and regions of high (n>10°% cm™3)
nolecular density and excitation temperature (40 1{ ). The high molecular gas temper-
ature and densitics arc inferred from observations of CS, HCN, and high J-level CO
transitions (Carlstrom 1 988). Several authors have argued that the bulk of tile CO
emission must be optically thin because the observed ratio of brightness temperatures
THCOJ=-=2-1)]/T,[CO(J = 1 - O)] is greater than one. This model is not robust,
since optically thin CO would have difficulty surviving rapid photodissociation in
such an environment. However, conversions using optically thin CO distributions
were used to make (lower limit) molecular mass estimates for the central region (e.g.

Loiscau ct al. 1 990).

Another disquicting feature of the J=- 1-0 and J=-2-1CQO maps is that they
show a somewhat different spatial distribution;?/o,f gas than the distribution of dust
observed in the sill)]llilliJlic?ter,  There are three CO (J= 1-0) maxima seen in the
interferometer maps (Carlstrom 1988; Shen & Lo 1995) spauning 25--30”, while the
submillimeter maps (Jafle ¢t al. 1984, 400 jan; and Smith et al. 1990, 450 jun)
show a single, more cent ered emission region. The recent 450 mm. continuum map
Of Hughes, Gear and Robson (1995) snows two peaks, separated by 1 5 but situated
symmetrically around the 2.2 jan center with the Northeastern peak located inside

of the 12 peak seen by Shenand 1,0.

Fortunately, the situation has been significantly clarified in recent work by

Wild et al. (1992). Their multi-level study includes maps of the "2CO J=.6-5, J: 3-2,
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J=2-1, J=1-0, G180 and C170 J: 2-1, HCN J:23-2, 1113CN J: 1-0 and 11CO* J==3-2
emission in the central region of M82. Strong evidence that the 2CO emission is
generally optically thick in all transitions comes from the intensity ratio of 2¢0
J=22-1to C180 J=-2-1 cmission, which is found to he 25 to 43 across the nucleus,
whercas a ratio equal to the 150 /180 abundance ratio, 500, would be expected for

optically thin cmission.

Wild et al. (1 992) used seven observed line ratios to constrain the total CO
column density, the molecular volume density, and 1 he gas kinet i¢c temperature, to
derivea 11101(0 accurat et ot almass. The line ratios were modeled using a non-L'TE

!
radiative transfer code, including clumpiness and opracity dependent filling factors
(Iickart ct al. 1990). Their conclusions are that the molecular clouds have an average
density nyy, of about 1 x 104 ein™° and a kinetic teinperature of about 45 1, with as
much as 10% of the molecular gas distributed in an even denser cloud component,
with 1, 23 x 10% cin™ 3. Their mass distribution and total mass (M, — 1.8 x 108
Mg) are in good agreement with the 450 jon total nass and emission distribution.
The mass peaks about 5 to the southwest of the center, but it falls ofl in density
over 307, falling ofl slowly to the northeast. The derived mass distribution is also

very similar to the 40 yan distribution showu in Figure 4. The mass in the northeast

and southwest regions are roughly equal, .-;M“, - 9% 107 Mg,

In retrospect, the mass derived {from the “standard conversion” is an overesti-

mate of the molecular mass based on the 12CO J-1-0 alone principally because the



- 4G -

clouds arc hot, 10t because they are optically thin. lLikewisc the smaller cloud size
(see §3), a1d higher kinetic temperature and density cause the 12CO J==1-0 transition
to display a relative depression bet ween t he two lobes as compared with t he more
optically thin isotopic. transitions w iich, like the mass, is strongly peaked toward the

center,
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Table 1
M82 Mid- and Far-Infrared 14 ne Observations

Linc HPBW cont. 7€ 1 inc Flux® Num. of  ‘Ref.

(Jy) (107! ' erg em™ 25" 1) Positions

Bra (4.1 yun) 30" 0.8 3.6 13 1
(Nen] (13 yan)® 30" x 20" -0 . 8 2848 13 1

~ b 25 4 2
[S 1) (19/an) 25" 68 0.6 9.54-3.1 1 3
[s 1] (33 jun) 25" 556 0.3 15.741.9 ! 3
[Si 1] (35 jim) 34" 487 0.3 13.543.3 1 4
(O 1117 (52 jin) 48" 1207  0.19 10.44+0.8 ! 5

30" 8.24-2.5 ! 6
[N 1] (57 gm) 48" 1269  0.17 4.3+0.4 1 5
[O1] (G3 pm) 44" 1254 0.15 15.243.7 ! 4

30" 18.3-5,4 ! G

44" 19.46 1 7
(O 1] (88 jum) 48" 1689 011 9.04-0.5 1 5

45! 11.46 3 6
[N 1] (122 jun) 45" 0.05 2.9(+4 0.9)(-- 0.6) ! 8
[0 1] (146 jan) 55" 0.04 0.844-0.24 1 6
[C 1] (158 you) B 0.04 144-4.2 5x5 6,9
[N 1nj(205 jem) 45" 0.02 0.714-0.12 3 8
[C1] (609 jau) 15" 0.00 0.007--0.002 5 10

“Line fluxes are quoted for the central position. "\We have mtegrated the 13 profiles

to obtain the central flux ima 30" x20” region, and the uncorrected flux is about half
the value reported by Gillett et al. 1975, “All lince flux/have b cen corrected for
extinction by the factor exp(7), where T has been drawn {rom the following dust niodels,
using Ay = 25 mag (1’uxley 1991; McLeod et al. ] 993).ForA < 18 janwe usethe dust
models of Draine S Lee (] 984) and Adams et al. (1 19S8) averaged; for ] 8 and 33 jnn,
weuse 11011C1{ et al. (1984) and Herter et al. (1981 ); for 34-57,m we use the A1
emissivity law as per Dufly et al. (1987); and for N\ > 57y we use the emissivity 1aw
of’ /\’]“r’us])crt]w resulls of IKlein et al. ( 1988). References: (1) Beck et al. (1978);

(2) Achtermann & Lacy; (3) Houck et al. (1984); (4) This work; (5) Dufly et al. (1987);
(6) Lugten et al. (1986); (7) Watsonct iii. (1984): (8) P ctuchowskiet al. (1 994);

(9) Stacey et al. (1991); (10) Schilke ¢t al. (1993),
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Other Observations of M 82’s Central 1 )isk

Ol)scrva£i011 7 - ’]{,o:su]t, l{cf(‘:fcﬁcé
I'ar-Infrared Continuuin Lpig =3 X 10101,() 1
CO(J :-1--0, J=2-1) M(l1)=1x 10% M(.) 2
Multiple Millimeter Transitions M(H;,) = 1.8x 108 Mg 3
.. 1liAbsorption M(] 1) =1.2x 107 Mg 4
References:
1) Telesco & Harper (1980).
2)Carlstrom ( 1988).
3) Wild et al. (1992).
4) Weliachew et al. (1 984).
Table 3
[O 1] and [Si 1] Line Parameters
Line H 1 >BW Resolution Continuum Line Flux® Intcnsityb Luminosity

[O1] 63.184 pan 44" 106 km s'12544-26° Jv 13.140.2¢13.440.27 5.41071,0

[Si 11]34.814 um 34" 81 ki s~ ! 4874 101¢ Jy 10.9 4 0.5° 11.14- 0.3¢ 4,5107 T,
(Sin] 34.814 yan 44" 104 kins™! 12.¢ 4.9107 L

“Line Flux is inunits of 107 erg can”™? s with no extinetion corrections applied.
“Tntensity is in units of 1073 crg can?s Lor™!
“These are statistical errors excluding systematic calibration errors.
These values arc computed assuming the [() 1] and [Si 11] emission is uniform over a

i " arca (9. “Usteradians). In actuality, the eimtting regions are probably
30" x 14" arca (9.8 x 107 sterad In actuahty, the cnttimgreg babl
smaller and theseintensiticsare lower limits (see t ext).
“The line flux crror and continuum level were not measurecl, 1ut are comparable to the
34" measurcment.
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Table 4
Gaussian Fit Results

Region Paraincter [0 1] 63 pun [Si 1] 35 yun [C 1) 158 pm
Northeast . ... LincFlux ( 1011 ergem™ 25 1) 5.940.7% 4.4+1.3 4.340.9
Visp (km S7) 32548 307421
FWIIM (kill s1) 173421 180337
Southwest . . .. Line Flux 7.24-0.6 6.541.2 9.94-2.0
Visn 148+4-5 130411
FWHM 14548 176:+21
Tota...........LincFlux 13.14-0.2 10.941-0.3 14.2+ 3.0
N (data points) 42 36 19
Reduced x? 2.3 3.0 1.4
Continuum Flux (Jy) 12544-26 4874101

“Using [C 1] 158 yan line profile from Crawford et al. (1985)

®The error terms were obtained by fitting to many data scts, where the different
scts were produced by varying individual data points according to their statistica
uncertaintics.




- 00 -

Table b

PDR Parameters

LT RN N QO .
Model  Area  Tog (n) Tog (Go) Ma(Mg) ¢a (S Jmodet (S Jobs.  (Sil1) -obs. VIR

1 Total 3.9 3.0 3.2x 104.0 63 1.2 52 9.3x108
2 Northcast 3.9 3.4 9.6 x 10°92.0 58 1.3 44 5.1x1078
2 Southwest 3.9 29 20x1076.3 70 1.1 63 4.9%1078
3 Northcast 3.9 3.4 9.6 x 10°6.6 58 1.3 44 5.1%x10~8
3 Southwest 3.9 2.9 2.0 x 107 21 70 11 63 4.2x10~8

Cloud Paramecters

Model Region Size (sr) N rd(pc) Mcil 7 Ma Mm M totd Ta (I{) ¢ rm (pc)

1 Totd  9.9x 107933x10% 0.6 545 3.2x10° 18XL(F 1.8x10% 230 0013 05

2 Northeast 1.9x10~9 3.3x10° 10 3030 9.6x10¢ 9.0x107 1.0x10% 240 0015 0.8
2 Southwest 49 X1 O- 95.0x10° 04 220 2.0x107 9. 0x107 1.1x10% 220 0021 0.3

3 Northecast 1.5x10™% 3.3x10°1.0 3030 9.6x106 9.0Xx10" 1.0x10% 240 0.09 0.8
3 southwest 1.5x31079 5.0 x10° 0.4 220 2.0 x107 9.0X107 1.1x10% 220 0.13 0.3

Notes: Global parameters for gas clouds in ~ 45" beam assuming a 30x 14" disk
(Model 1), two regions of half this size on either side of the nucleus (Model 2) and
two “hot spots,” 8" in diameter (Model 3): n (0111”3) is the density of the warm
atomic gas; Go 1s the incident FUV flux in units of the average interstellar radiation
ficld (ISRF); Masses are in units of Mg; My is the typical cloud mass; Mg is the total
warm atomic gas mass; ¢4 s the arca filling factor of this component; FIR

(erg em™? 57 1) is the far-infrared continuum flux as determined by Ricke et al.
(1980) and scparated into the two regions on the basis of the 40 jan results of Joy
et al. (1987); My, is the total molecular mass determined by Wild et al. 1992 and
divided hetween the regions on the basis of Carlstrom (1988); 'y is the temperature
of the warm atomic component; N is the number of clouds; v is the typical cloud
radius; ¢, is the volume filling factor of ncutral cloud material (molecular and
atomic); and 1y, (pe) is the radius of a typical molecular cloud core.
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FIGURE CA. PTIONS

Figure 1: The 63.184 jan 3 P; —3 Py transition of [O 1]in M 82 is shown before correction

Figure

Figure

for absorption in the earth’s atmosphere. Data taken at 41,000 feet are plotted
with open circles and data taken at 45,000 fect are plotted with filled circles.
The lower four curves represent models of the uncorrected continuum flux as
seen at an altitude of 45,000 feet subject to atimospheric absorption. The curves

from top to bottom correspond to 1, 3, 5, and 1011111 of precipitable water along

the line of sight.

2: A comparison is made of the corrected [01]63 jrnand [Sin] 35 pun profiles,

showing the velocity peak at ~145km s™1 and the shoulder at ~320 ki §?

3: Obsecrvations of 11 transi tions arc shown along with the predictions using
the models of Rubin (198L), for a collection of 6 x 104 11 11 regionswith electron
density ne = 190 clll- 3 The Lyman continuum Juminosity of the central starin
each regionis takeu as 10" 571, in order to to match the total Lyman continuumn
output, dctermined from the thermal radio eniission (Carlstrom1988). The Bra
and [Ne 11] fluxes required large extinction corrections, as per Table 1. The
observed [S11 1] and [C 1] {fluxes overshoot the predictions. Thisindicates that
[CI]] more likely originates in PDR regions outside thie 11 11 regions. However,
the model {Sil 1] {lux is low because of the adopted gas phase silicon abundauce

in the 11 1 region miodel (see text).
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4: a) Spatial dist 11 bhution of the central emission in M82 (adapted from Telesco
et al. 1991 ). In the left panel, top to bottom: the 6 ¢ map of Kronberg et
al. (1985) showing discrete SNRsat 0“.34 resolution; the CO(J=1- O) map of
Shen and Lo (1995) at 2¢ .5 resolution; and the H 1opacity map of Weliachew
ct al. ( 1984) at 3“.8 x 6“ resolution. In the right pancl, from top to bottom:
a schematic adapted from Mauersberger & Henkel (11991) showing the CS and
other tracers of dense molecular gas found in extended hot spots; the 30 jun
distribution of Telesco et al. (1991) at b'resolution; and the 40 yan continuum
ciiission in solid contours {rom Joy ct al. (1987) fromtheir Table 2 and Figure 9.
The dashed lines are the 1 ICY isovelocity contours of 11 eckathorn (1972) running
135 ki s ! inthe southwest to 3 15 kin s 1 in the northeast by increments o f
30 ks . The solid (:irck;sho%‘thc 44” bHeam uscd to make the [O 1] observa-
tions. The filled circles are the inferred location of the hot spots producing the
[O 1] and [Si 11] cinission (see text).

5: The [01] and [Sin] fluxes observed in two different apertures, plotted against

aperture size, A. The dotted line is a model where Flux ~ A?, which corre-
sponds to an extended uniform distribution. The dashed line corresponds to
flux distributed Tike the 26" x 13" 40;nn distribution scen by Joy et al. (1987).

The observations are more consistent with tlie 40 g flux distribution.

G: (a) The observed [O1] 63 yon and (b) [Si1] 35 ynn data with a two component

Gaussian fit (using six {ree parameters).

7: The observed emission distributions (left cohunn) and the resulting synthetic
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line profiles (right, colummn). The cmission distributions are: (a) the 12.4 pm
distribution (Telesco & Gezari 1992); () the 40 jan distribution (Joy et al.
1987); the 3.3 mm continuum (Carlstrom & Kronberg 1 991); (c) the CO emission
(Shen & Lo 1995); and two versions of the bilobal model for the [O 1] and [Si 1]
cmission presented in the text: (i) 8" Lot spots; aud (k) 2* hot spots. 1
pancls (j) and (K.) we also show the observed [O1]line profile with a dashed line
for comparison. To produce the synthetic line profiles, we have used the Ha
velocity field of (Heckathorn 1972) and the velocity dispersion at each location
measured {rom major axis CO measurements (Carlstrom 1988). The resulting
“line profiles” “in b,d, {; and h all resemble a single pecaked Gaussian, and are
dissimilar to the observed [O 1} and [Si 1] profiles.  The dual hot-spot model
replicates the observed fine strut.tme profiles with the p ronounced 320 km s71

shoulder scen in observed spectra in panels j and 1.
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